Mizuguchi Y, Chen J, Seshan SV, Poppas DP, Szeto HH, Felsen D. A novel cell-permeable antioxidant peptide decreases renal tubular apoptosis and damage in unilateral ureteral obstruction. Am J Physiol
mitochondria; fibrosis; peptides UNILATERAL URETERAL OBSTRUCTION (UUO) is characterized by decreases in renal function, increased interstitial fibrosis, tubular apoptosis, and cellular infiltration (9, 17) . Histological studies suggest that tubular dilation precedes the inflammatory response and interstitial fibrosis. Mechanical stretch of the tubular epithelium and oxidative stress are believed to be early stress factors leading to tubular cell injury and death. Following an initial increase in blood flow to the kidney, renal blood flow decreases markedly in chronic obstruction, and ischemia is likely to also contribute to tubular cell injury. Injured tubular cells release proinflammatory cytokines and chemokines, causing an inflammatory response with macrophage infiltration in UUO. The release of profibrotic cytokines, such as transforming growth factor (TGF)-␤, is believed to be of importance in post-UUO fibrosis (9, 17) .
We and others (15, 19, 21, 27) have demonstrated that stretch induces caspase-dependent apoptosis in tubular epithelial cells. Apoptosis can be triggered either by death signals acting on death receptors on the cell surface (extrinsic pathway) or by mitochondrial release of proapoptotic factors into the cytosol that leads to apoptosome assembly, activation of caspase-9, and the cleavage of effector caspases (intrinsic pathway) (8) . There is evidence that this intrinsic mitochondrial pathway is involved in stretch-induced tubular cell apoptosis. Tubular BAX protein expression increased over time after UUO, while there was a decrease in Bcl-2 expression (41) .
The intrinsic mitochondrial pathway to apoptosis is further enhanced by oxidative stress. Oxidative damage has been implicated previously in UUO. Ricardo et al. (30) demonstrated that there was an increase in superoxide anion and hydrogen peroxide release in kidney slices obtained from UUO kidneys, and a corresponding decrease in catalase and copperzinc superoxide dismutase mRNA. Others have demonstrated increased 8-hydroxy-2Ј-deoxyguanosine (8-OHdG) and heme oxygenase-1 (HO-1) as markers of oxidative stress in UUO (14, 25) , and upregulation of HO-1 provided protection against renal injury in UUO (16) . In mice with a catalase mutation resulting in acatalsemia and severe reduction in functional renal catalase, Sunami and colleagues (36) have shown accelerated atrophy of renal tubules, enhanced tubular dilatation, interstitial fibrosis, lipid peroxidation, and increased tubular apoptosis in a UUO model. Stretch appears to play a direct role in oxidative stress in tubular cells, as decreased catalase mRNA was also found when tubular cells were subjected to cyclic mechanical stretch (30) .
Thus it appears that stretch, ischemia, and oxidative stress are the primary factors behind tubular cell apoptosis in UUO, and it has been suggested that inhibition of tubular cell apoptosis may protect against macrophage infiltration and interstitial fibrosis in UUO (5) . Neutralizing antibody to TGF-␤1 inhibited stretch-induced tubular apoptosis and reduced the severity of interstitial fibrosis (20) . The use of angiotensinconverting enzyme inhibitors also caused a reduction in early apoptosis and late fibrosis (7, 13, 32) . Antioxidants, including quercetin, ␣-tocopherol, and fluvastatin, have shown some degree of renal protection in UUO, but only fluvastatin was shown to significantly reduce oxidative markers and tubular apoptosis (13, 18, 23, 25, 31) .
The disappointing outcome with antioxidant treatments may be explained by their limited distribution to mitochondria, the primary source of intracellular reactive oxygen species (ROS). We have developed a series of water-soluble small peptides (SS-peptides) that are cell permeable and selectively target and concentrate 1,000-fold in the inner mitochondrial membrane (42, 44) . SS-31, a tetrapeptide of the structure D-Arg-Dmt-LysPhe-NH2 (where Dmt is dimethyltyrosine), which is a prototype of the SS-peptide group, has been shown to concentrate 5,000-fold in mitochondria. The SS-peptides are extraordinarily potent in preventing cell death caused by prooxidants (44) and are also active in models of ischemia-reperfusion, myocardial infarction, ischemic brain injury, and amyotrophic lateral sclerosis (2, 3, 26, 40) . Recently, SS-31 was shown to improve the viability of pancreatic islet cells during isolation for transplantation and significantly improved graft survival and reduced insulin requirements in the recipients (38) . Therefore, we sought to determine whether targeting mitochondria with antioxidants would be an appropriate strategy in protecting the kidney from damage in UUO. In the present experiments, we utilized a 14-day UUO model in rats to examine the effect of SS-31 on renal damage in UUO. We examined several parameters including fibrosis, apoptosis, macrophage infiltration, tubular proliferation, cytokines, and signaling pathways and markers of oxidative damage including 8 -0HdG and HO-1.
MATERIALS AND METHODS

Materials
D-Arg-2Ј,6-dimethyltyrosine-Lys-Phe-NH2 (SS-31) was prepared by solid-phase synthesis and provided by Dr. Peter W. Schiller (Clinical Research Institute of Montreal, Quebec, Canada) (38) .
In Vivo UUO
Sprague-Dawley rats underwent unilateral ureteral ligation with 4-0 silk suture through a midline abdominal incision under sterile conditions as routinely carried out in our laboratory (10) . SS-31 (1 or 3 mg/kg; n ϭ 8) was administered intraperitoneally 1 day before UUO and continuing for 14 days. A separate group of animals was given saline, as a control (n ϭ 16). Animal treatment adhered to approved institutional guidelines.
Renal Histology
Trichrome sections of paraffin-embedded specimens were examined by a board-certified pathologist (S. V. Seshan, renal pathology specialist), and fibrosis was scored on a scale of 0 to ϩϩϩ.
Immunohistochemical Analysis
Immunohistochemical analyses for macrophages was carried out using a monoclonal antibody to ED-1 (Serotec) as previously described (10) . Macrophages were counted in 10 high-power fields (HPF; ϫ400) by two different independent investigators in a blinded fashion. A terminal transferase-dUTP-nick-end labeling (TUNEL) assay was performed as previously described (20) , and TUNELpositive apoptotic renal tubules were quantitated as above.
We also analyzed tissue for the presence of fibroblasts using immunohistochemistry, as previously described (10) . The antibody utilized was DAKO S100-A4 (1:100 dilution). The S100-A4 antigen is also known as fibroblast-specific protein (FSP)-1 (1, 35) . The antigen was retrieved by incubating cells with proteinase K for 20 min in an oven. The remaining immunoperoxidase protocol was carried out as routinely done in our laboratory. Staining for S100-A4 was found in spindle-shaped interstitial cells, and also in cells which were round, and were identified as inflammatory cells by the pathologist. Only spindle-shaped cells were included in the counts. Samples incubated without primary antibody exhibited no staining. 8-OH dG staining was carried using proteinase K for antigen retrieval. The antibody used was from the Japan Institute Control of Aging and was used at a dilution of 1:200-1:500. The TGF-␤ antibody was obtained from R&D Systems.
PCR Analysis
PCR for HO-1, TGF-␤1, and NF-B was performed as follows. Rat kidneys were harvested and were kept at Ϫ80°C until use. Total RNA was extracted using the TRIzol-chloroform extraction procedure. mRNA was purified using a Oligotex mRNA extraction kit (Qiagen, Valencia, CA) according to manufacturer's instructions. mRNA concentration and purity were determined by measuring absorbance at 260 nm. RT-PCR was preformed using a Qiagen One-step PCR kit (Qiagen). PCR was performed in an automated Thermal Cycler ThermoHybrid PX2 with an initial activation step for 15 min at 95°C followed by 35 cycles of denaturation for 45 s at 94°C, annealing for 30 s at 60°C, and extension for 60 s at 72°C. PCR products were separated by 2% agarose gel electrophoresis. Bands on gels were visualized by ethidium bromide staining and analyzed using Image J densitometric analysis software.
Real-Time PCR
We carried out real-time PCR using the TaqMan system from Applied Biosystems. All real-time PCR was carried out in the core facility at Weill Cornell Medical College using standard assays. We used real-time PCR to examine mRNA expression of CCR-1, caspase-3, HO-1, and p38 MAPK. CT 2⌬⌬ was calculated to demonstrate the fold-change of expression of the individual genes; gene expression was indexed to GAPDH, and contralateral kidney values were set to 1.0.
ELISA for p65 Subunit of NF-B
Extracts were made from renal tissue from control and SS-31-treated kidneys. Equal amounts of protein were analyzed for the presence of the p65 subunit of NF-B using transAM p65 ELISA kits from Active Motif (catalog no. 40096, Carlsbad, CA). Each sample was assayed in triplicate.
ELISA for TGF-␤
Extracts were made from renal tissue from control and SS-31-treated kidneys. Equal amounts of protein were analyzed for the presence of TGF-␤ using a TGF-␤ ELISA kit from R&D Systems (catalog no. DB100B). Each sample was assayed in duplicate.
Statistics
Samples were analyzed by one-way ANOVA, and differences were considered significant at P Ͻ 0.05 using the least significant difference test.
RESULTS
Fourteen-day UUO produces a characteristic set of changes in the kidney, including increased interstitial fibrosis, tubular apoptosis, macrophage infiltration, and tubular proliferation.
Interstitial Fibrosis
Analysis of trichrome slides. The contralateral kidney (CK) showed very little, if any, inflammation or fibrosis in tubules, glomeruli, or interstitium. The obstructed kidney (OK) of the control group showed moderate (1-2ϩ) medullary trichrome staining, along with areas of focal peripelvic 1ϩ staining. The cortex showed less fibrosis than the medulla. The OK also showed moderate inflammation, generally scored as 1ϩ in the cortex and 2ϩ in the medulla. SS-31-treated kidneys showed significantly less trichrome staining, being 0 to a trace in the cortex and a trace to 1ϩ in the medulla. When interstitial volume was measured, medullary interstitial volume in the control OK was 69.2 Ϯ 2.1% compared with 0.5 Ϯ 0.1% in the CK. Treatment with 1 mg/kg SS-31 modulated the increase in interstitial volume to 54.9 Ϯ 2.3%; a higher dose of SS-31 was also effective (Fig. 1) .
Fibroblast-specific protein expression. Increased expression of FSP-1 was also found in the OK. There were a small number of interstitial fibroblasts present in CK ( Fig. 2; 1 .1 Ϯ 0.3 FSPϩ cells/HPF). 14-day UUO increased this number to 16.9 Ϯ 2.3 cells/HPF in the OK. SS-31 (1 mg/kg) significantly decreased the amount of fibroblast infiltration in the OK to 43.4% of control; SS-31 (3 mg/kg ) treatment further decreased the amount of fibroblast infiltration in the OK to 28.0% of the untreated OK.
Renal Tubular Apoptosis
In the untreated OK, 2 wk of UUO resulted in a significant increase in apoptotic tubular cells compared with the CK (Fig. 3) . SS-31 at 1 mg/kg significantly decreased tubular apoptosis from 15.1 Ϯ 3.1 to 5.1 Ϯ 0.5 cells/HPF (P Ͻ 0.05); SS-31 at 3 mg/kg caused a further significant decrease in renal tubular apoptosis (3.0 Ϯ 0.3 apoptotic cells/HPF). Using real-time PCR, we examined caspase 3 expression. As shown in Table 1 , caspase 3 was increased ϳ10-fold in the obstructed kidney, but this was significantly reduced with SS-31 treatment.
Macrophage Infiltration
Similarly, there was a significant increase in macrophage infiltration into the OK compared with the CK after 2 wk of UUO (33.8 Ϯ 6.3 vs. 0.04 Ϯ 0.03 cells/HPF; Fig. 4 ). Both the 1 and 3 mg/kg doses of SS-31 significantly decreased macrophage infiltration into the OK. (Fig. 4) .
Renal Tubular Proliferation
The obstructed kidney is associated with increased proliferation of renal tubular cells (Fig. 5) . SS-31 caused a significant increase in renal tubular proliferation in the OK. Tubular proliferation was increased 2-fold at the 1 mg/kg dose and 3.5-fold at the 3 mg/kg dose.
Renal Oxidative Damage
Renal oxidative damage was assessed by examining renal HO-1 expression using RT-PCR and real-time PCR, and immunohistochemistry for 8-OH dG. RT-PCR and real-time PCR were performed using GAPDH as an internal control and using the primers described in MATERIALS AND METHODS. PCR analysis revealed that UUO was associated with an increase in HO-1 expression (Fig. 6 ) (HO-1/GAPDH ratio 0.07 CK vs. 1.09 control OK). With SS-31 treatment, HO-1 expression decreased (HO-1/GAPDH ratio in SS-31-treated animals, 0.58). These results were confirmed using real-time PCR as shown in Table 1 . HO-1 was significantly increased in the OK, and the increase was attenuated with SS-31. Using immunohistochemistry, we noted that 8-OH dG staining was detected in both tubular and interstitial compartments of the OK. (Fig. 6) .
Renal Cytokines and Signaling Pathways
TGF-␤ has been implicated in the fibrosis which results from UUO. We studied the effect of SS-31 on TGF-␤ expression. Fig. 1 . SS-1 decreases medullary fibrosis in a 14-day unilateral ureteral obstruction (UUO) model. Animals were pretreated with SS-31 1 day before UUO and daily for 14 days. Control animals received saline only throughout the period of UUO. In these trichrome-stained slides, the contralateral kidney (CK) shows almost no fibrosis, whereas the control obstructed kidney (OK) exhibits significant fibrosis. SS-31 treatment attenuated fibrosis. Interstitial volume (as measured in MATERIALS AND METHODS) is depicted graphically.
Using RT-PCR, we demonstrated that TGF-␤ expression was increased in the obstructed kidney; surprisingly, SS-31 did not affect TGF-␤ expression (Fig. 7, top) . Immunohistochemical analysis of TGF-␤ confirmed this (not shown), as did TGF-␤ ELISA. TGF-␤ was increased 4.3-fold in the control OK and 3.7-fold in the SS-31-treated kidneys ( Table 2 ). Both of these are significantly different from their respective controls, and not from each other. Chemokine receptor CCR-1 has been shown to be increased in UUO (6) . We confirmed by real-time PCR that CCR-1 was increased in UUO, but its expression was not affected by SS-31 treatment. As shown in Table 1 , CCR-1 was increased four-to fivefold in either control of SS-31-treated OK compared with their contralateral controls.
Signaling pathways including the MAPKs or NF-B may mediate the effects of SS-31. Therefore, we examined whether these pathways were affected by SS-31 treatment. Using realtime PCR, we demonstrated that p38 MAPK was increased in UUO (Table 1) . This increase was attenuated by SS-31 treatment. We also assayed for the p65 subunit of NF-B. A representative gel is shown in Fig. 7 , bottom. As can be seen, there was increased expression of theЈ p65 subunit in the obstructed kidney, which was attenuated by SS-31 treatment. We further assayed for the p65 subunit of NF-B by ELISA ( Table 2 ). In the control CK, p65 expression was 0.59 Ϯ 0.09 units. This was significantly increased to 0.90 Ϯ 0.08 units in the control OK. In the SS-31-treated kidneys, the increase was attenuated (0.54 Ϯ .04 units in the CK and 0.74 Ϯ .05 units in the SS-31/OK).
DISCUSSION
Ureteral obstruction leads to renal damage via a bimodal process, with tubular apoptosis occurring as an early event followed by the release of cytokines and chemokines from the injured tubular cell, resulting in inflammatory reaction and interstitial fibrosis. Thus it has been suggested that inhibition of tubular apoptosis may protect against subsequent inflammatory response and interstitial fibrosis (5). Treatments targeting various mediators of apoptosis and inflammation, such as neutralizing antibodies of TGF-␤1 and angiotensin-converting enzyme (ACE) inhibitors, have reduced early apoptosis and late fibrosis. Oxidative stress resulting from mechanical stretch and ischemia also play an important role in tubular apoptosis, and antioxidants may be useful therapeutic agents for UUO. However, previous attempts to limit tissue damage by targeting ROS with antioxidants have met with limited success (13, 18, 22, 25, 31) . In this study, we provide a proof of concept that using a mitochondria-targeted antioxidant significantly decreases renal apoptosis and that subsequent fibrosis, macrophage infiltration, and fibroblast expression are greatly reduced.
Given the extensive evidence for oxidative damage in UUO, the less than optimal outcome of previous studies using antioxidants may have resulted from their poor distribution to the target site. Mitochondria are the major source of intracellular ROS, and oxidative damage to cardiolipin on the inner mitochondrial membrane is known to promote mitochondrial permeability transition and cytochrome c release. Thus it is imperative to deliver the antioxidant to mitochondria to prevent the onset of mitochondria-initiated apoptosis. Many natural antioxidants, including vitamin E and coenzyme Q, are highly lipophilic and tend to be sequestered in the plasma membrane. There have been several attempts to develop antioxidants that target mitochondria (for review, see Refs. 24 and 33). The primary approach has been conjugation of conventional antioxidants to a lipophilic cation, thus allowing them to penetrate into the mitochondrial matrix in a potential-dependent manner. Murphy and colleagues (24) conjugated triphenylphosphonium ion to coenzyme Q (MitoQ) and vitamin E (MitoVitE), while Sheu and colleagues (33) synthesized choline esters of glutathione (MitoGSH) and NAC (MitoNAC) to create mitochondria-targeted antioxidants. These methods allow improved delivery of these conventional antioxidants into the mitochondrial matrix, and MitoVitE was 350-fold more potent than vitamin E in protecting against oxidant-induced cell death in fibroblast cells from Freidrich ataxia patients (12) . Both MitoVitE and MitoQ inhibit oxidant-induced cell death at 1 M; however, they are cytotoxic at concentrations of 25-50 M due to mitochondrial depolarization. The success of these mitochondria-targeted antioxidants in intact animals is less certain. A recent paper reported that MitoVitE was not neuroprotective in a model of hypoxic-ischemia striatal injury in neonatal rats even though the compound was administered via continuous infusion into the striatum (4). The failure of MitoVitE, as well as an earlier report on MitoQ (32) , in this disease model may reflect the limitation of potential-driven mitochondrial uptake in pathological conditions with mitochondrial depolarization.
Recently, a new series of mitochondria-targeted antioxidants (SS peptides) was described whose uptake is not dependent on mitochondrial potential. The SS peptides are tetrapeptides with alternating aromatic residues and basic amino acids (aromaticcationic peptides) (for a review, see Ref. 37 ). The incorporation of a tyrosine or modified tyrosine provides radical scavenging ability. Tyrosine can scavenge oxyradicals forming relatively unreactive tyrosyl radicals, which can be followed by radical-radical coupling to give dityrosine, or react with superoxide to form tyrosine hydroperoxide. These peptides readily Fig. 6 . SS-31 decreases oxidative damage in a 14-day UUO model. Animals were pretreated with SS-31 1 day before UUO and daily for 14 days. Control animals received saline only throughout the period of UUO. Oxidative damage was assessed through expression of either heme oxygenase-1 (HO-1; PCR, top) or 8-OH deoxyguanosine (8-OH dG; immunoperoxidase; bottom). SS, animal treated with SS-31. penetrate the cell membrane in a concentration-dependent manner (43) . A distinct advantage of the SS peptides is their ability to concentrate Ͼ1,000-fold in the inner mitochondrial membrane (42) (43) (44) . Contrary to MitoQ and MitoVitE, the uptake of these aromatic-cationic peptides into mitochondria is not dependent on mitochondrial potential and their uptake is therefore not self-limiting. Furthermore, because these peptides are not delivered into the mitochondrial matrix, they do not cause mitochondrial depolarization even at very high concentrations (44) . The SS peptides have demonstrated efficacy and lack of toxicity in several animal models of oxidative damage, including ischemia-reperfusion, myocardial infarction, acute cerebral ischemia-reperfusion, amyotrophic lateral sclerosis, and pancreatic islet cell transplantation (2, 3, 26, 38, 40) . In this study, we demonstrated that SS-31 significantly decreased tubular apoptosis, macrophage infiltration, fibroblast expression, and fibrosis, while significantly increasing tubular proliferation. The mechanism by which the SS peptides protect mitochondria is currently under investigation and, therefore, more detailed mechanistic studies in the UUO model would be premature.
SS-31 was extremely effective in reducing tubular apoptosis in UUO, with apoptosis almost completely prevented at a dose of 3 mg/kg. We also demonstrated that caspase 3 was activated in the OK and that SS-31 attenuated this increase. The increase in caspase 3 confirms previous studies by Truong and colleagues (39) . It has been suggested that inhibition of tubular cell apoptosis may protect against macrophage infiltration and interstitial fibrosis in UUO (5 ) . Neutralizing antibody to TGF-␤1 inhibited stretch-induced tubular apoptosis and reduced the severity of interstitial fibrosis (20) . The use of ACE inhibitors also caused a reduction in early apoptosis and late fibrosis (7, 13, 32) . Previous studies with TGF-␤ antibody also demonstrated increased tubular proliferation concomitant with decreased apoptosis; the present study confirmed this finding, as well. Increased proliferation may represent an attempt by the kidney to undergo repair, which may be enhanced when apoptosis is decreased. Our findings suggest that by preventing the intrinsic mitochondrial apoptotic pathway, SS-31 significantly reduced macrophage infiltration and interstitial fibrosis and increased tubular proliferation. Surprisingly, despite its effects on fibrosis, SS-31 showed little effect on either TGF-␤1 or CCR1. Effects of SS-31 on TGF-␤ were confirmed using PCR, immunohistochemistry, and ELISA. In previous studies, inhibition of TGF-␤1 with monoclonal antibody (20) or knockout of CCR-1 (6) decreased fibrosis in the UUO models. This may suggest that SS-31 is targeting further downstream of either of these mediators. We demonstrated that there is an attenuation of the increase in the p65 subunit of NF-B in the obstructed kidney, assaying for both mRNA and protein. Miyajima et al. (22) have demonstrated activation of NF-B in UUO using EMSA. Furthermore, they demonstrated that an inhibitor of NF-B activation also decreased renal tubular apoptosis and fibrosis in UUO. We also demonstrated an attenuation of the increase in p38 MAPK in the OK with SS-31 treatment. Thus our studies demonstrate that SS-31 decreases caspase-3 expression, which may account for its effects on tubular apoptosis. Downstream mediators NF-B and p38 MAPK may also be involved in the effects of SS-31, but their exact role remains to be determined.
Apart from their role in the apoptotic pathway, ROS have been directly implicated in both fibrosis and epithelial-mesenchymal transition (EMT), the process of transition of epithelial cells to fibroblasts, a more fibrotic phenotype. Therefore, decreasing ROS would have additional beneficial effects on renal damage in UUO. Iwano et al. (11) demonstrated that fibroblasts in the OK can be derived both from bone marrow and from EMT. Both populations can express collagen I and proliferate during fibrosis. Using FSP expression, we have confirmed that the UUO model is characterized by increased fibroblast expression. ROS have been shown to mediate EMT. For example, Rhyu et al. (29) have shown that in TGF-␤-induced EMT in NRK-52E cells antioxidants decreased EMT; H 2 O 2 reproduced the effects of TGF-␤. Others have shown that matrix metalloproteases induced EMT (28) through ROS intermediates. In this study, we examined the expression of 8-OH dG and HO-1, widely used as markers of oxidative DNA damage. Both 8-OH dG and HO-1 have been found to be increased in UUO by previous investigators (14, 25). We confirmed these findings in the present study. We showed 8-OH dG staining in both tubular and interstitial compartments of the kidney. SS-31 treatment significantly reduced renal expression of 8-OH dG, and this was associated with reduced presence of fibroblasts and decreased EMT. Furthermore, increased HO-1 was found, as demonstrated previously, and HO-1 expression was also decreased by SS-31. These findings confirm the role of oxidative damage in fibrosis and EMT.
In summary, these results demonstrate that pretreatment of rats with SS-31, which in vitro is a mitochondrial protectant, decreased renal damage and oxidative stress in a model of UUO. Unlike other models of renal disease, wherein renal function can be monitored easily using urine and blood sampling, analysis of renal function in UUO requires complex split-function measurements. The present study, therefore, did not address the functional effects of SS-31 treatment. These will be done in future experiments, along with interventional studies designed to test whether SS-31 treatment can decrease already existing damage in response to UUO. Nevertheless, the present study provides a proof of concept that peptides which are targeted to and concentrated in the inner mitochondrial membrane in vitro can protect the kidney from damage elicited by UUO.
